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A B S T R A C T To determine the physiological basis for the low glomerular filtration rate in chronic malnutrition, micropuncture studies were performed in Munich-Wistar rats chronically pair-fed isocaloric diets of either low (group 1, nine rats) or high protein content (group 2, nine rats). Despite the absence of hypoalbuminemia, average values for single nephron and total kidney glomerular filtration rate were nearly 35% lower in group 1 than in group 2. Mean values for glomerular capillary and Bowman's space hydraulic pressures were essentially identical in the two groups, thereby excluding glomerular transcapillary hydraulic pressure difference as the cause for the low filtration rates in group 1 animals. On the other hand, average glomerular capillary plasma flow rate and glomerular capillary ultrafiltration coefficient were significantly lower (by -25 and -50%, respectively) in group 1 than in group 2. The fall in glomerular capillary plasma flow rate was the consequence of increased afferent and efferent arteriolar resistances. Plasma and erythrocyte volumes were found to be equal in five additional pairs of group 1 and group 2 rats. Thus, the substantial alterations in the ultrafiltration coefficient, glomertilar capillary plasma flow rate, and renal arteriolar resistances responsible for the low filtration rate in group 1 animals were not merely a consequence of decreased circulating blood or plasma volumes. Mean values for glomerular cross sectional area were significantly lower in group 1 than in group 2 despite similar values for kidney weight in the two groups. This reduction in glomerular cross sectional area in group 1 rats is presumed to Portions of this work were presented in part at the 11th
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Received for publication 16 October 1979 and in revised form 14 December 1979. 982 reflect a decrease in effective filtration surface area and therefore likely accouints, at least in part, for the decline in ultrafiltration coefficient observed in this grouip.
Finally, since the daily caloric intake of grouip 2 animals was restricted because of pair feeding requirements tied to the group 1 rats, we studied a third group of seven rats (group 3) allowed an ad lib. intake of the same high protein diet as given to group 2 rats. Average values for single nephroii glomerular filtration rate and its determinants were found to be indistinguishable between groups 2 and 3. These restults suggest that low protein intake, rather than calorie deficiency per se, is primarily responsible for the re-INTRODUCTION Reductions in glomerular filtration rate (GFR) and renal plasma flow rate are often found in chronically malnourished subjects (1) (2) (3) . Given that chronic malntutrition is a health problem of major epidemiological importance world-wide, elucidation ofthe mechanisms responsible for these alterations in renal ftunction appears warranted. We therefore undertook to characterize the various hemodynamic determinants of glomeruilar filtration under carefully controlled ntitritional conditions in the Mtunich-Wistar rat. Rats were pair-fed isocaloric diets that were either rich or poor in protein content. Because the total caloric intake in these two pair-fed groups was less than normal, a third group of rats was fed the high protein diet in ad lib. quantities, thereby enabling uis to define the effects on renal function of selective protein and calorie malnutrition.
GFR Glomerular filtration rate (whole kidney), ml/ Micropuncture measturements. 25 rats (9 of group 1, 9 of group 2, and 7 of group 3) were subjected to micropuncture studies when they achieved body weights of 150-202 g (i.e., group 1 and 2 rats were -5 mo old and group 3 rats -3 mo old). Routine surgical preparation for micropuncture (4) was carried out immediately after induction of anesthesia with Inactin, Byk Gulden Konstanz, West Germany (100 mg/kg body wt, i.p.). Both members of a pair were studied on the same day and by the same micropuncturist. Throughout the period of surgical preparation and experimental study, each animal received a continuous intravenous infusion of isoncotic rat plasma (total -1% body wt) to maintain normal circulating plasma volume. The details ofthis protocol and its justification are given elsewhere (4) . Concomitant with the surgical preparation, an intravenous infusion of 6% inulin solution in 0.9% NaCl was begun and continued throughout the duration of each experiment at the rate of 1.2 mnl/h. After a 60-min equilibration period, micropuncture measurements were carried out as follows: Exactly timed (1-2 min) samples of tubule fluid were collected from surface proximal convolutions of two or three nephrons of the left kidney for determination of flow rate and inulin concentration and calculation of single nephron glomerular filtration rate (SNGFR). Inulin concentration in tubule fluid was measured by the method of Vurek and Pegram (5) . Coincident with these tubule fluid collections, two or three samples of femoral arterial blood were obtained in each period for determination of hematocrit (Hct) and plasma concentrations of protein and inulin. In addition, two or three samples of urine from the left kidney were collected for determination of flow rate, inulin concentration, and calculation of whole kidney GFR. Plasma and urine inulin concentrations were assayed by the microanthrone method of Fuhr et al. (6) . Samples of blood from two or three superficial efferent arterioles were also obtained, as described (7), and analyzed for total plasma protein concentration by the method of Viets et al. (8) . Samples of femoral arterial blood plasma were analyzed similarly. From these measurements of protein concentration (C), which are taken as representative ofafferent and efferent arteriolar plasma (CA and CE, respectively), values for afferent and efferent arteriolar oncotic pressure (7TA and ITE) were calculated, using the equation derived by Deen et al. (9, 10) . Also these measurements of CA and CE permit calculation of single nephron filtration fraction (SNFF) and initial glomerular capillary plasma flow rate (QA), using equations given below. Time averaged pressures were measured in surface glomerular capillaries (PGC), proximal tubules (PT), and third-order peritubular capillaries (Pc) using a continuous recording, servo-null micropipette transducer system (11) . These measurements permit calculation of the glomerular capillary ultrafiltration coefficient (Kf), as well as resistances of single afferent (RA) and efferent (RE) arterioles and total renal arteriolar resistance (RTA).
Calculations
Single nephron filtration fraction:
Initial glomerular capillary plasma flow rate:
Blood flow rate per single afferent arteriole or glomerulus:
Efferent arteriolar blood flow (EABF) rate: (5) where the factor 7.962 x 10"' is used to give resistance in units of dyn-s-cm-5 when AP and PGC are expressed in mm Hg and GBF in nanoliter per minute.
Resistance per single efferent arteriole:
Total arteriolar resistance for a single pre-to postglomerular vascular uinit:
Mlean glomiieruilar transcapillary hydraulic presstire difference:
AP =PGC PT (8) The Kf is calculated with a differential equiationi that gives the rate ofchange of plasma protein conicentrationi with distance along an idealized glomertilar capillary. This equation, together with its derivation and the method for its soluition, is given in detail elsewhere (9) .
M1easturemnents of plasma voluime and erythrocyte volume. In five pairs of group 1 and 2 rats, cireculating plasma and erythrocyte voluimes were measured immediately after induction of aniesthesia with catheterization of the left femoral artery and vein. The erythrocyte and plasma volulmes at this stage, i.e., before abdominal and neck surgery, were previously shown to be equal to values in conscious (euvolemic) animals (4). Circulating erythrocyte volume was determined by the techni(que of Sterling and Gray (12) Morphological sttudies. Upon conclusion of functional studies in nine pairs of grouip 1 and 2 rats andi nine group 3 rats, kidneys wvere removed, fixed in buffered formalin and dividedl in half by mid-coronal sectioni. Tisstue was prepared for light microscopic examination by standard histologic techniques, paraffin sections were cut to 2-4 ,um thickness, and stained with periodic acid Schiff. The mid-coronal sections vere used to obtain camera lucida drawings of subcapsuilar cortical glomeruli. Particular attention was given to selection of the glomeruili for measurement. Only those in xv.hich afferent and efferent vessels could be seen to be attached to the renial corptuscle and in which the early proximal tubule couild be seen to emanate from Bowiman's capsule were uised. In this manner, we couild be confident of displaying the area of greatest diameter of each renal corpuscle. 50 glomertuli from each kidney were measured. Camera lucida drawings were made at x417. A computer system (15) was uised for measturements of glomertilar ouitlines and calculation ofcross-sectional area (expressed in square microns). This system integrates the area within a closed profile such as a renal corpuscle and takes into account the original magnification of the drawings. These data are not corrected for shrinkage in fixation and processing.
For transmission electron microscopy, five pairs of rats from groups 1 and 2 were used. The cortical surface of the left kidney from each rat was fixed in vivo by drip fixation over a 5-min period with a 1.5% glutaraldehyde in 0.1 NM sodiulm-cacodylate btuffer (pH 7.35, 383 mosmol). Cortical portions of each kidney were removed and placed in cold 0.1 M sodium cacodylate buffer with 1.5% glutaraldehyde (PolyScience Corp., Niles, Ill.) for 1 h and postfixed in 1% osmium tetroxide, in Dalton's buffer (pH 7.6). Tissues were dehydrated through a graded series of alcohols and embedded in Spurr's low viscosity embedding medium. Thin sections were stained with uranyl acetate and lead citrate and examined in the electron microscope.
RESULTS
General. The values for RCV and PV measured in groups 1 and 2 are slightly higher than those previously measured in identical species of rats fed regular rat chow (4) . NIost likely, these differences reflect the loss of peripheral fat stores in groups 1 and 2 rats maintained on calorierestricted diets. As shown in Table III , the ratio of RCV:BV essentially equaled Hct values in groups 1 and 2. It is unlikely, therefore, that the slightly higher average PV value in group 1 animals was caused by a change in vascular permeability to tracer albumin (16) .
Morphological studies
Glomerular cross-sectional area. Fig. 1 FIGURE 1 Glomerular cross-sectional area ,tm2 of pair-fed rats on low (group 1) and high (group 2) protein diets and of rats allowed high protein diet ad lib. (group 3). Camera lucida drawings reflect magnification x417. P values were calculated from paired data for group 1 vs. group 2 (P < 0.001) and for unpaired data for group 2 vs. group 3 (P < 0.001).
A 0 -~~~' O high protein diets, glomerular cross-sectional area averaged 7,233-+344 'Um2 in group 1 rats, a value substantially lower than the average for group 2 rats (9,684+±476 Im2). The difference was highly significant (P < 0.001). In nine rats receiving the high protein diet ad lib. (group 3), the mean cross-sectional area was 12,436±279 jUm2. The difference in cross-sectional area between groups 2 and 3 was also significant (P < 0.001). Light and electron microscopy. Fig. 2 presents light and transmission electron micrographs from pairfed group 1 and 2 rats allowed ad lib. intake of the high protein diet (group 3). As seen in the representative light microscopic sections, glomerular diameter appeared greatest in Fig. 2C (group 3) , least in Fig. 2A (group 1) and intermediate in diameter in Fig. 2B  (group 2) . No other systematic differences in morphology were discovered by light microscopy. No morphological differences were noted by electron microscopy as indicated by the representative cross-sections through glomerular capillary walls from each of the three groups examined (Fig. 2D , E, and F).
DISCUSSION
A reduced GFR is one ofthe renal functional disturbances seen in experimental animals and human subjects with chronic protein-calorie malnutrition (1-3). Because 
_61
I r -WI protein deficiency and total caloric deprivation frequently coexist, it is often difficult to ascertain the relative contributions of low calorie intake vs. protein deficiency in the genesis of the decreased GFR. We therefore carried out the present studies in two groups of pair-fed animals maintained on isocaloric diets of either low (group 1) or high protein content (group 2). The results obtained indicate that low protein intake per se leads to a nearly 30% average reduction in both whole kidney and SNGFR. Because the daily caloric allowance for group 2 rats was restricted so as to match the low calorie intake of the pair member on the low protein diet (group 1), total body weight gain during maturation was observed to be considerably slower in both groups than in rats which had free access to unlimited quantities of the high protein diet (group 3). Nevertheless, both whole kidney and SNGFR values were nearly identical in groups 2 and 3 when comparable body weights were achieved. Moreover, values for GFR and SNGFR in groups 2 and 3 were essentially the same as those measured previously in adult female Munich-Wistar rats fed regular rat chow ad lib. (17) , indicating that calorie restriction alone, at least to the degree employed in the present study, fails to affect GFR significantly.
Of the various factors potentially responsible for the reductions in GFR and SNGFR found in rats with chronic protein malnutrition (group 1), neither PGC nor PT was affected to a physiologically important extent. This excludes the AP as an important determinant of the low filtration rates observed in group 1 animals. Inasmuch as values for CA (and thus HIA) were equivalent in groups 1 and 2, these factors can also be excluded. In contrast to this near-constancy in the values for hydraulic and oncotic pressures, we observed a significant average reduction in glomerular capillary plasma flow rate in group 1 rats, a finding in keeping with the clinical observation that, in addition to GFR, p-aminohippurate clearance also tends to be reduced in children and adults with severe malnutrition (1-3). Although contraction of extracellular volume has been shown to coexist in some cases of severe malnutrition (3) , the near identity in average values for plasma and blood volumes in groups 1 and 2 (Table III) indicates that the malnutrition-induced reductions in renal and glomerular plasma flow rates found in group 1 rats were not simply consequences of a decreased circulating blood volume. Of course, measurements ofplasma volume and total blood volume may not necessarily reflect the degree of filling of that part of the vasculature that transmits to the kidney the signals (humoral or neural) that influence the renal handling of salt and water. Nevertheless, since there is no evidence to suggest that small reductions in blood or plasma volume will reduce QA or lead to filtration pressure disequilibrium (18) , some other factor(s) must have been operative in determining the decline in QA found in group 1 rats in the present study. Before considering these other potential factors, it is worth pointing out here that chronic protein malnutrition in the present study was also associated with a marked reduction in the glomerular Kf. In group 1, because of this decline in Kf filtration pressure disequilibrium prevailed. Because the Kf is the product of effective filtration surface area and intrinsic hydraulic permeability of the capillary wall, a decrease in either or both of these terms could account for the observed fall in Kf. In this regard, glomerular cross-sectional area was found to be uniformly lower in group 1 animals than in pair members fed the high protein diet (Fig. 1) , suggesting that a reduction in effective filtration surface area contributed, at least in part, to the measured fall in Kf in this group. When calorie intake was unrestricted in rats fed the high protein diet (group 3), glomerular cross-sectional area was even greater than in group 2 ( Fig. 2) . However, since group 2 animals achieved filtration pressure equilibrium, the further increment in filtration surface area seen in group 3 would not be expected to lead to further increases in GFR or SNGFR, a prediction in accord with present observations.
Although the present study does not pinpoint the specific mechanism(s) responsible for the relatively low value of Kf in protein-malnourished rats, a number of possibilities are suggested. For example, the fall in Kf in group 1 rats, when taken in conjunction with the measured increases in afferent, efferent, and total renal arteriolar resistances (and the consequent reduction in glomerular plasma flow rate and filtration surface areas), are reminiscent of the effects of endogenous or exogenous angiotensin II on the glomerular microcirculation. Not only has this octapeptide been shown to bind to isolated glomeruli, but it has also been demonstrated to cause mesangial cell contraction in vitro (19) and to induce changes in glomerular flows and resistances in vivo similar to those found in group 1 rats (20, 21) . It is of interest in this respect that studies in children with severe malnutrition have demonstrated marked elevations in plasma renin activity (22) . Parathyroid hormone may also play a role in the decline in Kf seen in protein-malnourished rats. Although not measured in this study, parathyroid hormone levels may reasonably be expected to be higher in this group of rats than in groups 2 and 3, because of the fixed phosphate intake and reduced GFR in group 1 rats. Yet another possible cause for the decline in Kf in proteinmalnourished young rats relates to the smaller glomerular volume found in these animals, resulting in a true structural reduction in effective filtering surface area. Although a growth-dependent mechanism may be involved, this possibility seems unlikely in view of the finding that total renal weight was similar in all three groups of rats evaluated in the present study. Thus, a glomerulus-specific cause for reduced glomerular volume must be sought. Obviously, future studies will be required to determine whether angiotensin II, parathyroid hormone, other endogenous humoral vasoactive substances, or nutrition-related influences on glomerular structural development accouint for the impressive reduction in Kf identified in protein-miialnourished rats.
